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Owing to the capacities of generating structural configuration with both reasonable mechanical properties and high material
utilization, topology optimization has been widely adopted in engineering design. Although numerous architects have tried to
apply topology optimization tools to assist architectural morphology design in practical projects, topology optimization, like other
quantitative analysis techniques, has not been systematically incorporated into the architectural morphology design. In this study,
by integrating topology optimization toolsets and parametric design theory, combined with multiattribute decision-making
analysis, a design method is proposed that could efficiently obtain several architectural structural architectural morphologies with
both structural rationality and aesthetic rules and complete the evaluation and performance ranking of alternatives. In this study,
the essential architectural application scenarios are divided into surface application scenarios and volumetric application sce-
narios, and the possible variation range of topology optimization parameters of architectural application scenarios is defined. By
iteratively adjusting the influence parameters, diverse results of structural morphology are obtained. It is found that small changes
in optimization parameters will bring great differences in topological results. Such a sensitive relationship can be utilized to
generate a set of rational topological structures, and these topological results can be regarded as alternatives for architectural
morphology design. For the performance evaluation and ranking analysis of alternatives, the application of FANP-TOPSIS
multiattribute decision-making model is put forward in this study. The case study shows that this decision-making analysis model
is efficient, convenient, and applicable in the architectural morphology design. The results of this study can provide new ideas and
key references for scholars and architects in the field of architecture to explore the process and method of architectural
morphology design and other related issues.

1. Introduction

Developments in construction industry design software and
the maturity of related manufacturing techniques over the
past two decades have led to the construction of buildings
with complex and eye-catching appearance [1]. Whilst many
have received praise and are considered to be iconic land-
marks for their region, others are criticized for the lack of
harmony between their architectural design and structural
considerations. The challenge therefore remains to obtain
satisfying designs that can simultaneously embrace archi-
tectural operational functions and aesthetic appealing ef-
fects, as well as maintaining rational structural performance

[2]. Inspired by structural morphology (Rene Motro, an
anthology of structural morphology), which involves form,
forces, material, and structures and aiming at developing a
structural system with harmony synthesis of these four
aspects, architectural morphology is defined by extending
the connotation of structural morphology, which simulta-
neously deals with structural performance, architectural
functions, and aesthetical requirement, aiming at developing
an architectural system with a balance between these factors.

Topology optimization, a mathematical method to op-
timize material distribution in a given area according to
given conditions and objective index, has attained its
popularity in civil engineering and architectural design
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owing to its potential to generate rational and aesthetic-
artistic morphology [3]. Topology optimization was initially
developed for applications in aeronautic and mechanical
engineering [4], where the design space represents a con-
tinuum of material, and even small savings in weight are
significant, for example, by saving fuel on thousands of
journeys and/or saving material on thousands of mass-
produced products. Amongst the many topology optimi-
zation methods that have been developed, common ap-
proaches include the solid isotropic material with
penalization (SIMP) method [5-7], the (bidirectionally)
evolutionary structural optimization (ESO or BESO)
method [8, 9], level set methods [10-12], the moving
morphable components (MMC) method [13, 14], and the
independent continuous mapping (ICM) [15] method.
Many of these approaches have been adopted for the ap-
plication to the architectural morphology problem domain.
For the design of bracing systems for high-rise buildings,
Beghini et al. [16] proposed a topology optimization
framework to integrate architecture and engineering. The
generation of optimized shell- and large-scale spatial
structures was investigated by Ohmori [17], who developed
an extended ESO method, whereas Peng [18] applied the
ICM method to designs of dendriform structures with hi-
erarchical topologies similar to tree branches.

Whilst a wide range of literature can be found relating
the application of topology optimization methods to ar-
chitectural design, there still exist a number of gaps that
necessitate further investigation, which this paper address.
Firstly, researchers usually focus on a particular type of
application scenario, such as beams, walls, or large-scale
spatial structures, whereas a comprehensive study of how to
use topology optimization to generate architectural mor-
phology across many different application scenarios is still
missing. Additionally, the relationship between the inputs to
a topology optimization and the resulting morphology has
not been investigated in detail. This lack of understanding of
the sensitivity of the outputs to the inputs is one of the main
obstacles preventing the architects from using topology
optimization tools in practice. Thirdly, little research has
been carried out to discuss and compare the topology and
morphology of optimized architectural design from topol-
ogy optimization in the perspective of aesthetic.

This paper first extracts and classifies the most common
architectural scenarios based on their geometrical features
and structural properties. It then derives the key param-
eters that affect the topological results and discusses their
relative impact on these results. A methodology combining
parametric modelling and topology optimization is then
adopted for architectural morphology generation. By
making use of the sensitive relationship between the
resulting topology and the input parameters for optimi-
zation, a single solution, or a cluster of solutions, can be
obtained. They are viewed as potential candidates for
building designs, thus solving the problem of architectural
morphology generation. Finally, a numerical case is
adopted to compare morphology of different optimized
shell results and provides some basic aesthetic evaluation
from architect’s perspective.
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The outline of this article is as follows. In Section 1, the
context of the study and the required background knowledge
is presented. In Section 2, the morphology generation
procedure is proposed, and the influential parameters are
identified. The essential architectural application scenarios
are classified in Section 3, along with a discussion on how the
influential parameters relate to each architectural applica-
tion. Section 4 assesses the relationship between optimiza-
tion parameters and the topological results for each
classification, and in Section 5, the specific example of the
morphology generation of a shell structure is investigated.
Finally, Section 6 highlights the conclusions of the work and
discusses the implications for morphology generation in
practice.

2. Morphology Generation Methodology

Topology optimization of structure generally involves the
addition, subtraction, or elimination of material from within
a design domain. Through iterative adjustment of material,
the optimal topology, representing the force flow within the
domain, will gradually emerge. In addition to having the best
mechanical performance, it is often the case that the ob-
tained topology is also highly aesthetic. This successful
combination of engineering and art is therefore viewed as a
desirable candidate for architectural morphology design.
However, there is no guarantee that the configuration
produced though topology optimization would always be
suitable for direct employment in the next design stage, and
usually some modification is necessary, which can be
achieved by adjusting the influential parameters.

Before considering how to adjust the influential param-
eters accordingly, a method for solving the problem of ar-
chitectural morphology generation via topology optimization
is introduced below, and the parameters that play key roles in
determining the resulting morphology are considered.

2.1. Influential Parameters. In this paper, topology opti-
mization is used to generate architectural morphology;
therefore, the optimization parameters for topology opti-
mization of different structures and structural members are
also used as the parameters for morphology generation of
them. Some additional parameters are required for the to-
pology optimization, such as load scenarios, boundary
conditions, and material properties, which are not directly
related to the morphology.

The first parameter to be considered, the design domain,
is represented by a geometry with planar or spatial features.
This is usually defined based on consideration of architec-
tural functions, such as space division, people-flow, light,
and ventilation requirements. For example, it can be a wall
with openings representing doors and windows, a hemi-
spherical shell with holes on the top representing skylights,
or a trimmed solid box representing an entire building. It
should be noted that, during the optimization process, only
materials in the design domain can be removed, retained, or
reintroduced. This means that the optimal topology can only
be made up of material within the design domain. In this
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way, the design domain, on the one hand, provides space for
the morphology to change but, on the other hand, constrains
the scope of that variation. Therefore, this essential rela-
tionship between the design domain and the resulting op-
timal topology makes the design domain one of the most
dominant parameters that influences the optimization re-
sults of original structures.

The second consideration is the different loading sce-
narios on original structures. The purpose of topology op-
timization is to generate structural configuration with best
mechanical performance under the external loads. The loads
acting on buildings include gravity, live-, wind-, and snow-
load, as well as concentrated (point) forces applied at certain
positions to represent specific objects. With a small change
in external loads, major variation of optimal topology can
occur, since it is the mechanical response of the structure
under these loads that determines the evolutionary direction
of the optimization process.

Boundary conditions are the third parameter to con-
sider. For buildings, boundary conditions usually include
pin-supports, roller-supports, or fixed-supports. These
supports can be present at specific discrete points, applied
continuously along lines or curves, or even distributed
across an entire surface. The boundary condition specifies
the positions where the structure transfers its external loads
to the foundations. Therefore, slight variations in boundary
conditions also introduce significant changes in the opti-
mization results.

Material properties also need to be carefully defined, and
it is often the case that there will be more than one type of
material being used within one architectural design of
buildings or any specific structural members. For example,
many high-rise buildings are constructed from steel beams,
columns and decks, with a reinforced concrete slab poured
on the deck in-situ to make a composite floor system.
Specitying different material properties in different areas of a
building can have a significant effect on its structural re-
sponse, and hence its optimal topology. However, archi-
tectural morphology generation is usually carried out at an
early stage of architectural design, at which point it is usually
considered acceptable for only one material to be used for
topology optimization. It is also a common assumption
during early stage design that only linear elastic deformation
would occur within the structure. In this case, the optimal
topology for one material is also the optimal topology for
another material. Therefore, for the purpose of this paper,
the difference in the topology optimization results caused by
the variation of materials can be assumed to be negligible.

Besides the optimization initialization parameters out-
lined above, the formulation of the topology optimization
itself also involves the defining of parameters that have an
impact on the results. Generally, the formulation of a to-
pology optimization problem requires the definition of
objective functions and constraint functions. The objective
functions use objective index or performance index as de-
pendent variable and input parameters as independent
variable, and objective index or performance index is what
researches want to maximize or minimize, for example,
maximizing overall structure stiffness. Besides, researchers

can use the constraint functions to apply specific geometric
or mechanical constraint to optimized structures, such as
minimum/maximum feature size [19, 20] and symmetry and
pattern repetition [21]. These two kinds of functions are
usually determined based on consideration of mechanical
properties or geometric features of the design of original
structure and can involve measures of deformation, stress,
stability, material volume, etc. The influential parameters
introduced above are classified into two categories as
summarized in Table 1.

2.2. Morphology Generation Procedure. In this paper, the
authors employ topology optimization as the method for
generating candidates for architectural morphology designs,
by changing the influential parameters listed in Table 1. The
adopted procedure is shown in Figure 1, and a detailed
explanation is given as follows:

(1) Define the formulation parameters (objective- and
constraint functions)

(2) Define the initialization parameters (design domain,
load, boundary conditions, and material properties)

(3) Use the parameters defined in Steps (1) and (2) to
solve the topology optimization subproblem

(4) Evaluate the topology produced by Step (3). If sat-
isfied, output the result; if not, return to Step (1) or
(2) and modify the parameters accordingly

There are various options available to solve the topology
optimization problem in Step (3). One approach is to im-
plement source code, such as those introduced in Wei et al.
[22]. The code solves minimum compliance problem, which
maximizes overall structure stiffness under limited material
usage. However, most users will choose to apply oft-the-shelf
software that provides the topology optimization functions,
for example, one of the many plugins for Rhino/Grass-
hopper, such as TopOpt [23] and Ameba [24]. This kind of
software is widely used in parametric model generation of
optimized architecture. Additionally, some commercial Fi-
nite Element software packages have built-in Topology
Optimization functionality, such as Altair Inspire [25] and
OptiStruct [26]. This kind of software is adopted in vast
range of engineering product design.

This study uses the three analysis techniques in the
multiattribute decision-making method to build an evalu-
ation analysis model to evaluate the obtained topological
results. Firstly, the fuzzy Delphi method (FDM) is used to
extract the design elements, which can have an important
influence on the satisfaction of obtained topological results.
This technology has been widely used in planning and
evaluation research in related fields such as regional gov-
ernance, community management, and landscape archi-
tecture [27, 28]. Compared with the traditional Delphi, the
advantages of introducing the fuzzy technique include (i)
reducing the number of surveys, (ii) the opinions of experts
being expressed completely, (iii) the expert being relatively
rational and in line with demand, and (iv) being economical
in terms of time and cost. Secondly, regarding the
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TaBLE 1: Influential parameters for architectural morphology generation.
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FIGURE 1: Morphology generation procedure.

clarification of the priority of the dimension layer, this study
will apply the analytic hierarchy process (AHP) that has been
widely used in related research to train the relative weight
between the evaluation elements (dimension/elements). The
application of this analysis technique relies on expert do-
main knowledge, through pairwise comparison between
elements, to clarify stakeholders’ considerations of the rel-
ative importance of elements. Finally, The Technique for
Order of Preference by Similarity to Ideal Solution (TOPSIS)
is used to sort and select the performance of several obtained
topological results. This analysis technique was proposed by
Hwang and Yoon [29]. The basic idea is that the closer to the
positive ideal solution, the better; on the contrary, the farther
away from the negative ideal solution, the better.

The FDM used in this study is to integrate expert
opinions by means of “double triangular fuzzy number”
[30], and to test whether expert cognition shows a consistent
convergence effect by “grey zone verification method.” The
concrete steps are as follows:

Step (F1): The “most conservative cognitive value” and
the “most optimistic cognitive value” given by all ex-
perts to each element i are statistically analyzed, and the
extreme value outside “2 times standard deviation” is
eliminated. Then, the minimum value C}, geometric
mean value C;, maximum value C}, in the remaining
“most conservative cognitive value,” and the minimum
value O, geometric mean value O}, and maximum
value O}, in the “most optimistic cognitive value” are
calculated, respectively.

Step (F2): Based on the calculation results of Step (F1),
the three-angle fuzzy number C' = (C},C},, Ci)) of the
“most conservative cognition” and the three-angle
fuzzy number O' = (O}, 0},,0};) of the “most opti-
mistic cognition” for each evaluation element i are
calculated, respectively.

Step (F3): Testing whether the experts’ opinions present
a consistent convergence effect can be judged by the
following ways.

(1) If there is no overlap between the two triangular
fuzzy numbers, ie., C;, <O, it will be indicated
that the opinion interval value of each expert has a
consensus section, and the opinion tends to be
within this consensus section, so the “consensus
value” GJ; of this evaluation element i can be cal-
culated by

C\, +0},
2

Gy = (1
(2) If there is an overlap between the two triangular
fuzzy numbers, i.e., Ci, > Of, and the grey area Z' =
|, — O of the fuzzy relationship is smaller than the
range M'= O}, —C!, between the “geometric
mean of optimistic cognition” and “geometric
mean of conservative cognition” for the evaluation
criterion by the expert, it means that although there
is no consensus section for each expert’s opinion
interval value, the two experts who gave extreme
opinions (the most conservative expert of the op-
timistic cognition and the optimistic expert of the
conservative cognition) do not differ too much
from other experts in opinions and led to divergent
opinions. Then, the “consensus value” Gi; of this

evaluation element i can be calculated by
G, = O xCy =01 xCy 2)

(0 -01)+(Cy-Cy)

(3)If Ci,>0, and Z' =Ci, -0} is larger than
' = 0}, — Ci,, it means that there is no consensus
section for each expert’s opinion interval value, and
the two experts who gave extreme opinions (the
most conservative expert of the optimistic cogni-
tion and the optimistic expert of the conservative
cognition) differ too much from other experts in
opinions and led to divergent opinions. Therefore,
it is necessary to carry out a new round of ques-
tionnaires and repeat steps one to three until all the
evaluation items have reached convergence, and the
corresponding “consensus value” is obtained.

The AHP is a comprehensive framework that is suitable
for situations when people make multiobjective, multi-
criterion, and multisector decisions with or without cer-
tainty for any number of alternatives. The technique
procedures to gain the weights are described as follows:
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Step (A1): Compare the relative importance of factors
pairwise and obtain an nxn pairwise comparison
matrix, where n means the number of element.

Step (A2): Check the logical judgment consistency
using the consistency index (C.I.) and consistency ratio
(C.R.). The C.I. value is defined as C.I. = (A, —n)/
(n—1), where A,  is the largest eigenvalue of the
pairwise comparison matrix. The C.R. value is defined
as C.R. = CL/RL, where RI is a random index de-
cided by the value of n. (The R.I. values corresponding
ton=1,2,...,10are0,0,0.58,0.9,1.12,1.24,1.32, 1.41,
1.45, and 1.49, respectively.) In general, the values of
C.I. and CR. should be less than 0.1 or reasonably
consistent.

Step (A3): Use the normalized eigenvector of the largest

eigenvalue A, as the factor weights.

TOPSIS (technique for order preference by similarity to
an ideal solution) method is presented in Chen and
Hwang [31], with reference to Hwang and Yoon [29].
The TOPSIS procedure consists of the following steps.

Step (T1): Calculate the normalized decision matrix.

The normalized value ;; is calculated by

n;; = S i=1,..m j=1,...n
ij_i’ =1, ... > =1, ...71. 3
Z:leizj ©)

Step (T2): Calculate the weighted normalized decision
matrix. The weighted normalized value v;; is calculated
as

Vij = wing,  i=1,.

i m,j=1,...n (4)

where w;; is the weight of the i —th attribute, and

Yiwj =1
Step (T3): Determine the positive ideal and negative
ideal solution.

At ={vl,.. v}

n

max v;; min v;;
j j
. > . >
iel ie]

A" ={v,. v}

min v;; max v;;
_ j j
iel '\ ie]J

The intention of using (5) is to calculate the maximum
and minimum score of each criterion in each
alternative.

(5)

Step (T4): Calculate the separation from the positive
ideal solution, given as

1/2

Similarly, the separation from the negative ideal so-
lution is given as

1/2

n
. —\2 .
d; = Z(vij—vj) , i=1L....m.  (7)
=1
Step (T5): Calculate the relative closeness to the ideal
solution. The relative closeness of the alternative A;
with respect to A* is defined as
R d; i =1 (8)
= i=1...,m
Lo +d)

Since d; > 0 and d} > 0 then, clearly, R; € [0,1].

Step (T6): According to the calculation of R; value, the
performance ranking of alternative cases can be ob-
tained, and the higher the R; value is, the higher the
ranking order is.

3. Classification of Architectural
Application Scenarios

In order to carry out the above procedure, it is important to
know the allowable range within which each parameter
(design domain, load scenario, and boundary condition) for
such architectural application scenarios can vary. Since the
range will depend to a large extent on the specific problem
being investigated, it is necessary to divide the potential
problems into subclasses and then address each in turn to
determine suitable ranges.

3.1. Essential Architectural Application Scenarios. The two
criteria for classification of problem scenarios adopted by the
authors are the scenarios” force mechanisms and geometrical
features, and typical scenarios are summarized in Table 2. For
those scenarios, where the force mechanisms are constrained
much within two dimensions, ie., the forces are generally
flowing within one plane, they are classified as surface appli-
cation scenarios. Shells are included in this group, because the
influence of their third dimension (thickness) is negligible to
the other two dimensions, and under external load, the force
within the shell can be viewed as flowing within its mid-surface.
Scenarios that transfer load in three dimensions are classified as
volumetric applications. They include joints (where forces do
not generally lie in a single plane), multifloor buildings, and
spatial structures. Of course, there are other ways of catego-
rizing architectural application scenarios, and there are other
scenarios that are not explicitly considered within this paper.
However, the classification adopted here is sufficient to assess
the likely limits for the modelling parameters across a suitably
wide range of architectural scenarios.

3.2. Optimization Parameters. Based on the classification
above, the ranges of influential parameters for morphology
generation can be investigated. Since morphology genera-
tion usually takes place during early design stage, the pa-
rameters that formulate the topology optimization problem



TaBLE 2: Essential architectural applications scenarios.

Beams and arches
Walls
Shell structures

Surface application scenarios

Joints
Multi-storey buildings
Spatial structures

Volumetric application scenarios

(objective functions and constraints functions) can remain
unchanged. Additionally, it is usually structural stiffness and
material volume that attract most attention in design op-
timization; therefore, it is reasonable to adopt the structural
stiffness and material volume as objective and constraint,
respectively.

In the following study, only the parameters for initial-
ization of the optimization problem (the design domain,
load and boundary condition) are investigated. The material
property is omitted here, because, during the conceptual
stage, it is sensible to assign only one type of material to the
entire design domain, as discussed above. However, the
effects of different combinations of materials on the topo-
logical results should still be borne in mind [32].

3.2.1. Parameters for Beams/Arches. Beams or arches can be
characterized by their length to height ratio. They usually
have a span around ten times larger than their height, which
makes bending moments the dominant action. The common
optimization parameters for beams/arches are summarized
in Table 3, but of course many other parameters exist, and
the approach proposed in this paper would be equally ap-
plicable to their investigation.

In terms of its design domain, it can be a rectangle, with
or without a tapered or curved upper edge. Common load
scenarios include distributed load acting along the top-,
middle-, or bottom edge, or concentrated point load acting
at some point along the span. Supports might be pinned,
rolled, or (rotationally) fixed, generally positioned at the two
ends of the beam/arch. The main difference between a beam
and an arch is whether or not the supports resist the hor-
izontal movement, with an arch able to thrust horizontally
into the supports, and a beam not. Additionally, there may
be several supports along the length of a continuous beam.

3.2.2. Parameters for Walls. The common optimization
parameters for wall are summarized in Table 4, where the
span-height ratio of a wall is much closer to unity. A wall
might be supported at its two lower corners, or fully sup-
ported along its lower edge. Compressive loads usually
dominate the design of wall, and gravity load is often the
main source. However, in high-rise buildings, a wall’s height
can be significant compared to its span, and the lateral load
generated by wind pressure can be the dominant scenario.

3.2.3. Parameters for Shells. The common optimization
parameters for shells are summarized in Table 5, where shells
have a span of tens or hundreds of their thickness. The shell
can be hemispherical, cylindrical, saddle-shaped, or
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TABLE 3: Parameters for beam/arch.

Parameters Potential varying ranges

l )

— I
Tiiiiie

Design domain

Load scenario

I I
L 28 25K 20 2 Y I
; (—
Boundary 7 > A JA
condition C— 7 I

completely freeform. The most common loads acting on
shells are out-of-plane loads such as gravity or area-dis-
tributed, but they can also resist loads in a horizontal plane,
be they in a single direction or twisting-loads inducing a
moment. Shells are usually supported around their lower
edge, either at discrete points via pinned- or (rotationally)
fixed-supports or continually around the edge.

3.2.4. Parameters for Joints. Joints usually occur at the in-
tersection of several different components (usually beams),
and their common optimization parameters are summarized
in Table 6. The design domain for a joint can be a polygonal
geometry, where the incoming members lie in a plane, or a
solid sphere for fully 3D joints. The loads acting at joint are
the forces transferred in from the surrounding components.
During topology optimization, one of its edges or its surfaces
usually is assumed totally fixed [33].

3.2.5. Parameters for Multistorey Buildings. The common
optimization parameters for multistorey buildings are sum-
marized in Table 7. Their design domain can be a regular solid
geometry or a collection of several such geometries. The loads
acting on them are usually gravity-based, but horizontal
forces can also become dominant for high-rise buildings.
Common boundary conditions include point-supports at the
corners, edge-supports along the bottom edges, or full ro-
tational restraint across their whole lower surface.

3.2.6. Parameters for Large-Scale Spatial Structures. The
common optimization parameters for large-scale spatial
structures are summarized in Table 8. Their design domain is
similar to multistorey buildings, the difference being that the
span of a spatial structure is usually much larger than its
height, the exact opposite of a multistorey building. The
loads and common boundary conditions are the same as
those of multistorey buildings.

4. Relationship between Optimization
Parameters and Topological Results

In this section, the beam/arch category is first chosen as the
focus of a benchmark case-study to investigate the
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TABLE 4: Parameters for walls.
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TaBLE 5: Parameters for shells
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TaBLE 6: Parameters for joint structures.
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relationship between the optimization parameters and the
topological results. The extension of the approach to the
morphology generation of shell structures is then discussed.

The relationship is investigated by conducting a para-
metric study on the different input parameters and assessing
their effect on the topology optimization results. As a
benchmark, typical optimization parameters are first

assumed, and then variations around these benchmark
values are analyzed and their effect quantified.

4.1. Benchmark Example. A rectangular surface with a span
of 10 m and a height of 1 m is selected as the design domain
for the benchmark study. Its boundary condition is two
pinned supports at the lower two corners, and it has a
uniformly distributed load acting along the top edge. To
ensure that the load remains unchanged during topology
optimization, a very thin layer of material that directly
sustains the load is kept along the top edge during the whole
optimization process. Strain energy is selected herein as the
objective to be minimized, as it is commonly used in op-
timization to reflect the global flexibility of structure [7].
Steel is adopted as the material for the whole structure, and
the material volume is constrained to be 30% of the material
volume in the initial design.

The topologies at three different optimization iterations
are shown in Table 9. The form of a single long-spanning
arch emerged at the very start of the solution process and is
unmistakable by the 50th iteration. The hierarchical
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TaBLE 8: Parameters for large-scale spatial structures.
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Design domain

Load scenario

Boundary condition

Design domain

Load scenario

Boundary
condition

branches reaching out from the main arch to the top edge
gradually become more delicate as the iterations progress,
and more material is removed. The resulting topology at
iteration 150 explicitly symbolizes the force-paths but dis-
plays a discrete and organic geometry; thus, it can be viewed
as a combination of mechanical rationality and architectural
aesthetics.

4.2. Extended Examples. To investigate the influence of the
optimization parameters on the obtained topological results,
the topology optimization was run a number of times, each
with different combinations of optimization parameters. The
topological results were compared with the benchmark
example in Table 9 to demonstrate these influences.

4.2.1. Design Domains. The top edge of the rectangular
surface was curved in two different scales, and the topo-
logical results are shown in Table 10 (Rows 1 and 2).
Comparison with the benchmark example shows that the
morphologies are very similar, with the largest difference
being the curvature of the arch, which adjusts to match the
design domain.
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TaBLE 9: Topological result of typical beam/arch.
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TasLE 10: Topological result of extended examples of beam/arch.
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4.2.2. Load Scenarios. The load acting along the top edge is
first moved to the mid-line, then to the bottom edge, and
finally changed to be a concentrated force acting at the
midpoint of the top edge. The topological results are shown
in Rows 3-5 of Table 10, respectively. When the load remains
a uniformly distributed line load, the main structural system
remains an arch, even when the line acts at a different
position vertically. As the load moves downward, the sec-
ondary branches connecting to the main arch adjust auto-
matically to transfer load from the points of application to
the arch. These geometrical changes result in corresponding
mechanical changes, since the forces in branches switch
from compression to tension.

Concentrating the load into a point (Table 10 Row 5)
converts the arch into a truss and allows the removal of
material from other areas.

4.2.3. Boundary Conditions. Two kinds of boundary con-
ditions are considered. One is simply supported at the left
and right lower corners, and the other is clamped along the
left and right edges. The corresponding optimization results
are shown in Table 10 (Rows 6 and 7).

When one support of the benchmark is changed to a roller
and no longer provides horizontal restraint (Table 10 Row 6),
material is retained along the bottom edge, acting as a tension
tie to prevent the relative displacement of the two supports.
Another change is that, without the horizontal thrust



Advances in Civil Engineering

resistance of the supports, the structure represents a bow-
string beam structure [34] rather than an arch. With fully
fixed-supports available along the two edges (Table 10 Row 7),
the obtained topology again represents a bowstring beam;
however, its depth is roughly 1/5 of the span, and this can be
mapped to the inflection points of its bending moment.

4.2.4. Material Volume Fraction. By varying the target
volume fraction of material, different topological results are
generated. Row 8 of Table 10 is obtained from a volume
fraction of 50%. Comparison with the benchmark example
shows little difference, but when more material is retained,
most of it goes into thickening the arch.

4.2.5. Discussion. The influence of the four types of opti-
mization parameters (design domain, load scenario,
boundary condition, and material volume fraction) is in-
vestigated in this section. It can be concluded that the to-
pological results are very sensitive to the optimization
parameters, and slight changes in one parameter can result
in a large difference to the obtained topology. Therefore, it is
justified to demonstrate that this sensitive relationship can
be used to generate a wide variety of optimal topologies, and
amongst them, the best architectural design can be chosen.

5. Morphology Generation of Shells

Shells have been widely adopted as efficient solutions for
covering large spaces, and the practical implementation of
shells can be seen in exhibition pavilions, sports and en-
tertainment venues, and transportation interchanges, to
name a few. Famous examples include the Palazzetto Dello
Sport by Pier Luigi Nervi in Rome, or Los Manantiales
Restaurant by Felix Candela in Mexico [35]. However,
within a fully continuous shell, there is generally some
material that is not needed to transfer load to the supports,
and it can therefore be removed. Topology optimization is
adopted here as the approach to determine where to remove
material from a shell. In this section, a truncated sphere shell
is adopted for investigation, and the morphology generation
results of this geometry are presented below.

5.1. Benchmark Example. We selected the stadium roof
structure as a fixed functional requirement, and it is located
in Guangzhou with a subtropical climate. The geometry
considered here is a trimmed sphere, with a span of 60 m
and a height of 10m, as shown in Figure 2. It is pin-
supported at 16 equally spaced points around the bottom
edge. As in Section 4, steel is adopted as the material, strain
energy is used as the objective function, and the material
fraction target is 30% of the initial design domain. Only a
uniformly distributed surface load is considered acting
vertically. The load is first applied on an identical shell that
has an extremely high stiffness. The load is then transferred
to the topology optimization model by defining a tie-
constraint between these two geometries. Since the load,
geometry, and boundary conditions are all symmetric, a 1/4

(a) (b)

FIGURE 2: Optimization parameters of spherical shell. (a) Whole
structure. (b) 1/4 substructure.

substructure model is adopted for the topology optimi-
zation process, whilst the full model is used for visuali-
zation by mirroring the submodel along the two planes of
symmetry.

The optimization of this geometry was carried out in
Abaqus/Tosca [24]. The topologies at six different iteration
steps are shown in Figures 3 and 4. Only cells with a density
of 0.3 or greater are displayed to improve clarity. The main
structural system has started to emerge by the 40th iteration,
after which the hierarchical branches between main arches
and rings gradually appear and become more and more
delicate.

A modification to the geometry was made by intro-
ducing several holes into the design domain (see Figure 5).
The holes can be viewed as a reflection of the architectural
requirements, for example, roof-lighting or ventilation
functions. Optimization of this new geometry is also carried
out using the same optimization parameters.

The topologies at six different optimization iterations are
shown in Figures 6 and 7. The main difference between this
case and the one without holes is seen near the apex, where a
small ring appears instead of a fully filled circle. The main
structures reaching out from the supports also change from
Y- to V-shapes, and the bottom ring moves up slightly. It can
be concluded that the holes in the design domain have led to
obvious changes in the topological results. However, these
changes appear as adaptations of the original topology and
remain aesthetically acceptable, which demonstrates the
applicability of the proposed methodology.

5.2. Evaluation Example. The result of structural form
generation basically conforms to the engineering aesthetic law
of structural rationality, but the diversified result selection is
mainly for the evaluation of architects. From the perspective
of the law of formal beauty, we asked experts in the industry to
discuss the shape of the shell structure and summarize 5
important evaluation factors. Based on it, the study uses a 9-
point Likert scale for the expert questionnaire, which was sent
to 37 experts. All of the experts interviewed had master’s
degrees or above, among which 12 had received doctoral
degrees in architecture and related fields, and a total of 28 had
more than 5 years of work experience of architectural design.
A total of 32 valid questionnaires were finally collected, and
the data was analyzed by the AHP method. The relative
significance degrees among the five evaluation elements are
shown in Table 11, and the opinions of the experts passed the
test of consistency (CI=0.087; CR=0.078).
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FIGURE 6: Optimization results of a spherical shell with predefined holes (project view). (a) 40" iteration. (b) 60" iteration. (c) 80'" iteration.
(d) 95" iteration.
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FIGURE 7: Optimization results of a spherical shell with predefined holes (isometric view). (a) 40™ iteration. (b) 60™ iteration. (c) 80
iteration. (d) 95™ iteration.
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TaBLE 11: Description of evaluation methods and relative weight.
Evaluation factors Descriptions Weights
Rhythmicity (E,) The constituent elements of the forpl offer.s an arrangement of st_rugured repetition and alternation, 0131
bringing a visual aesthetics of continuity
Proportionality The size and quantity of each constituent element of the form meet a certain scale, conveying a sense of 0.398
(E) beauty :
Balance (E;) The constituent elements of the form maintain a visual balance of forces 0.118
Layering (Ey) Whether the constituent elements of the for.m convey a sense of layering, and show the varying 0.071
characteristics of different layer
Concordance (Es) Whether the constituent elements of the form are in harmony with each other, creating a relatively coherent 0282
sense of form
TaBLE 12: Performance ranking of evaluated cases.
. Evaluation factors

No. Evaluation examples

El E2 E3 E4 E5 d:’ dl_ Ri Rank
C1 0.236 0.190 0.201 0.238 0.332 0.154 0.036 0.188 8

SN
i AN \;éﬂ.‘\\

C2 / i//;‘g‘,)‘;sz.‘}.’{‘g\“;a\w\ 0.368 0.301 0.362 0.508 0.382 0.102 0.074 0.420 4
C3 0.350 0.328 0.315 0.414 0.396 0.092 0.080 0.465 3
C4 0.426 0.297 0.375 0.310 0.350 0.105 0.067 0.391 5
C5 0.512 0.486 0.418 0.293 0.452 0.029 0.144 0.833 2
C6 0.299 0.547 0.400 0.429 0.415 0.030 0.156 0.837 1
C7 0.289 0.256 0.358 0.285 0.216 0.138 0.033 0.195 7
C8 0.266 0.278 0.354 0.258 0.205 0.133 0.040 0.230 6

Then, with the eight shell structure forms obtained by
topological optimization in the previous part of this paper as
evaluation cases, the study applies TOPSIS method to
evaluate the performance of each case and rank the cases
based on experts’ aesthetic experience. The performance
evaluation questionnaire was designed on a scale of 0-10 and
administered to a group of experts who had previously
completed the AHP questionnaire. A total of 35 valid
questionnaires were collected, and the results of the per-
formance evaluation analysis are shown in Table 12.

According to the performance evaluation analysis, case C6
is the best solution among the eight shell structure forms,
while the rest are C5, C3, C2, and C4 in order, and the worst
solution in performance is C1. The study applies the AHP-
TOPSIS model to integrate the subjective opinions of experts.
After obtaining several structural forms that have structural
rationality and conform to aesthetic laws, the study constructs
an evaluation system to clarify the performance ranking of
different structural forms. In summary, this study integrates
the topology optimization tool kit and parametric design
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theory with a MADM model to construct a process model that
goes from the generation to the performance evaluation of
structural forms of architecture. With the application of to-
pology optimization and parametric design concepts, archi-
tects have access to a diverse selection of solutions. These
solutions are consistent with structural rationality and a
certain degree of engineering aesthetics. However, in real
situations, the evaluation and ranking of structural design
solutions generally requires a clear evaluation objective or
perspective based on group decisions of stakeholders. The
case evaluation in this section is conducted in the context of
structural form aesthetics. In short, the evaluation and
ranking of each design case is done based on the aesthetics of
the form as the evaluation objective. However, a more the-
oretical and applied value is proposed in this study, which
includes topology optimization, parametric modelling, and
multiattribute decision-making process of building structure
design. It covers the form of generation to evaluation and
selection of structural design solutions.

6. Conclusions

In this study, by integrating topology optimization toolsets
and parametric design theory, combined with multiattribute
decision-making analysis, a method of morphology gener-
ation for architectural design is proposed. The design
method could efficiently obtain several architectural struc-
tural morphologies with both structural rationality and
aesthetic rules and complete the evaluation and selection of
several alternatives through multiattribute decision-making.
At the level of morphology generation, based on the load-
bearing mechanism and geometrical features, the essential
architectural application scenarios are classified into two
groups in this study, namely, surface application scenarios
(including beam/arch, wall, and shell) and volumetric ap-
plication scenarios (including joints, multistorey buildings,
and spatial structures). On this basis, the possible variation
range of the optimization parameters (design domain, load
scenario, and boundary condition) for such architectural
application scenarios is determined. This will provide ar-
chitects with direct guidance when applying topology op-
timization toolsets and parametric design theories to
architectural morphology generation. On the other hand, by
analyzing the relationship between the optimization pa-
rameters and the topological results, with the beam/arch
application scenario as an example, it is proved that this
sensitive relationship can be used to generate a cluster of
alternatives for architectural morphology design. In addi-
tion, the morphology generation of shells is investigated
through two different design domains, one with and one
without holes. The organic, discrete, and mechanically ra-
tional topological results demonstrate the applicability and
efficiency of the proposed methodology.

In order to clarify the whole process from architectural
morphology generation to scheme evaluation and selection
by the design method, the FAHP-TOPSIS model is applied
to complete the performance ranking and selection of
evaluation cases by taking 8 topological methodology gen-
eration results as evaluation cases, as well as the principle of
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architectural form, as the basic evaluation criteria in this
study. In the future, scholars and architects can apply this
design method in related studies, formulate corresponding
evaluation objectives in specific realistic situations, and also
complete the performance evaluation and ranking of several
topological results by relying on expert experience. Even
when the improvement of the design scheme after the
evaluation ranking is discussed, DANP technology can be
used to replace AHP technology in the future multiattribute
decision-making model, so as to clarify the interaction re-
lationship between the criteria under the proposed evalu-
ation objectives, which is helpful in exploring the
improvement strategy of different schemes from a system-
atic and dynamic perspective. In the follow-up study, a
nonadditive performance analysis technique may be used
tentatively instead of the TOPSIS technique used in this
study. Therefore, the TOPSIS method used in this study to
assess performance levels in the case studies is an additive
method. However, circumstances in practice may often be
nonadditive, and thus follow-up research may use nonad-
ditive methods to assess performance more closely ap-
proximating actual circumstances.
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